Members of the poxvirus family encode multiple immune evasion proteins, including proteins that regulate apoptosis. We recently identified one such protein, F1L, encoded by vaccinia virus, the prototypic member of the poxvirus family. F1L localizes to the mitochondria and inhibits apoptosis by interfering with the release of cytochrome c, the pivotal commitment step in the apoptotic cascade. Sequence analysis of the F1L open reading frame revealed a C-terminal motif composed of a 12-amino-acid transmembrane domain flanked by positively charged lysines, followed by an 8-amino-acid hydrophilic tail. By generating a series of F1L deletion constructs, we show that the C-terminal domain is necessary and sufficient for localization of F1L to the mitochondria. In addition, mutation of lysines 219 and 222 downstream of the C-terminal transmembrane domain resulted in altered localization of F1L to the endoplasmic reticulum. Using F1L protein generated in an in vitro transcription-translation system, we found that F1L was posttranslationally inserted into mitochondria and tightly associated with mitochondrial membranes as demonstrated by resistance to alkaline extraction. Sensitivity to protease digestion showed that the N terminus of F1L was exposed to the cytoplasm. Utilizing various F1L deletion constructs, we found that F1L localization to the mitochondria was necessary to inhibit apoptosis, since constructs that no longer localized to the mitochondria had reduced antiapoptotic ability. Our studies show that F1L is a new member of the tail-anchored protein family that localizes to mitochondria during virus infection and inhibits apoptosis as a means to enhance virus survival.
Apoptosis, or programmed cell death, is a naturally occurring process that specifically eliminates unwanted cells through a tightly controlled pathway (29) . The key players are a family of intracellular proteases referred to as caspases (47, 62) . Caspases are cysteine proteases that are activated by proteolytic cleavage following an apoptotic stimulus. Activated caspases are responsible for the proteolysis of cellular proteins, resulting in the characteristic morphological and physical changes associated with apoptotic death. Some of these characteristics include chromatin condensation, DNA fragmentation, cell shrinkage, and membrane blebbing (29) . Recent evidence indicates that mitochondria function as key organelles and act as the ultimate checkpoint responsible for regulating apoptosis (17, 36) . Apoptosis is associated with significant mitochondrial changes, including the loss of the inner mitochondrial membrane potential and the release of cytochrome c (17, 36) .
Both pro-and antiapoptotic members of the Bcl-2 family tightly regulate the mitochondrial checkpoint, and the balance between pro-and antiapoptotic members of the family decide the fate of the cell (14, 26) . Antiapoptotic family members, such as Bcl-2 and Bcl-xL, localize to the mitochondria, where they function to inhibit the release of cytochrome c (14, 26) . However, unlike Bcl-xL, Bcl-2 also localizes to the endoplasmic reticulum (ER), where it has been shown to inhibit apoptosis (35, 60, 61) . In contrast, proapoptotic members, such as Bax and Bak, disrupt the inner mitochondrial membrane potential, resulting in the release of cytochrome c and death of the cell (14, 26) . Although it is generally accepted that the loss of the inner mitochondrial membrane potential and release of cytochrome c lead to the demise of the cell, the exact mechanism of cytochrome c release is unresolved and controversial.
The detection and elimination of virus-infected cells can occur through the action of cytotoxic T lymphocytes and natural killer cells, resulting in apoptosis and the subsequent destruction of virus-infected cells (6, 55) . In response, viruses have developed counterstrategies to inhibit apoptosis. For example, many viruses such as members of the gammaherpesvirus family, Epstein-Barr virus, adenovirus, African swine fever virus, and fowlpox virus encode obvious Bcl-2 homologues that mimic the activity of Bcl-2, thereby maintaining the integrity of the mitochondria and blocking release of cytochrome c (15, 27) . Additionally, recent evidence indicates that a subset of viruses which lack obvious Bcl-2 homologues encode unique proteins that directly inhibit mitochondrial events, leading to apoptosis (20, 25, 67) . For example, myxoma virus, a member of the poxvirus family, encodes a protein referred to as M11L that localizes to the mitochondria and prevents apoptosis (20, 21) . Human cytomegalovirus encodes a novel mitochondrialocalized inhibitor of apoptosis denoted vMIA, which inhibits the release of cytochrome c (5, 25, 53) . More recently, we have identified an additional mitochondria-localized inhibitor of apoptosis, F1L, encoded by vaccinia virus (VV), the prototypic member of the poxvirus family (67) . The F1L open reading frame in VV strain Copenhagen encodes a protein of 226 amino acids that localizes to the mitochondria, where it inhibits the loss of the inner mitochondrial membrane potential and release of cytochrome c (67) .
A common trait shared by several members of the Bcl-2 family is that they belong to a growing family of proteins referred to as tail-anchored (TA) proteins and are specifically targeted to intracellular membranes by virtue of a C-terminal transmembrane domain (9, 10, 56, 68) . F1L possesses a putative C-terminal transmembrane domain flanked by positively charged amino acids and a short C-terminal hydrophilic tail similar to that of Bcl-2 (34, 56) . This observation led us to speculate that F1L might be a new member of the TA family of proteins. TA proteins are characterized as containing a membrane anchor located at their C terminus (9, 10, 68) . This membrane anchor is composed of a helical hydrophobic domain of generally 12 to 24 amino acids flanked by positively charged amino acids (68) . TA proteins do not possess N-terminal signal sequences and are therefore inserted into membranes posttranslationally, since the C-terminal membrane anchor is only exposed upon completion of translation (38, 68) . The C-terminal membrane anchor encodes all the necessary information that allows each unique TA protein to be targeted to its specific destination. TA proteins are found in a wide variety of cellular membranes, including the ER, mitochondria, nuclear membrane, Golgi apparatus, and plasma membrane, where they carry out a wide range of biological functions (9, 10, 38) .
Based on the presence of a putative C-terminal membrane anchoring domain in F1L that exhibits similarity to domains in TA proteins, we hypothesized that F1L would be a new member of the TA family and that localization of F1L to the mitochondria would be necessary for efficient apoptosis inhibition. In support of this hypothesis, our studies revealed that the C-terminal domain of F1L is necessary and sufficient for localization to the mitochondria. By constructing a series of F1L mutants containing deletions and point mutations, we further show that the positively charged residues within the C-terminal domain are necessary for mitochondrial localization of F1L. Using in vitro transcription-translation studies, we show that the mitochondrial targeting information is present in the Cterminal domain of F1L, and we provide evidence that F1L demonstrates the characteristics and membrane orientation of a TA protein. Importantly, we now report that localization of F1L to the mitochondria is necessary for efficient inhibition of apoptosis. Our studies indicate that the VV-encoded F1L protein is a TA protein that localizes to the mitochondria during infection, where it retains classical TA orientation in order for it to inhibit apoptosis.
MATERIALS AND METHODS
Cell culture and viruses. HeLa, CV-1, and TK-H143 cells were obtained from the American Type Culture Collection and maintained at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (GIBCO Invitrogen Corp.), 50 U of penicillin (GIBCO Invitrogen Corp.)/ml, 50 g of streptomycin (GIBCO Invitrogen Corp.)/ml, and 200 M glutamine (GIBCO Invitrogen Corp.). Jurkat cells were maintained in RPMI 1640 medium (GIBCO Invitrogen Corp.) supplemented with 10% fetal bovine serum, 100 M 2-mercaptoethanol, 50 U of penicillin/ml, and 50 g of streptomycin/ml at 37°C and 5% CO 2 . Rabbitpox virus strain Utrecht and cowpox virus strain Brighton Red were a kind gift from Richard Moyer, University of Florida, Gainesville. Ectromelia virus strain Moscow containing lacZ was a generous gift from Mark Buller, St. Louis University, St. Louis, Mo. VV811 and VV65 strain Copenhagen were generated as previously described (50) . All viruses were propagated in baby green monkey kidney cells and grown in Dulbecco's modified Eagle's medium supplemented with 10% newborn calf serum (GIBCO Invitrogen Corp.), 50 U of penicillin/ml, 50 g of streptomycin/ml, and 200 M glutamine at 37°C and 5% CO 2 .
Generation of F1L antisera. The F1L open reading frame (ORF) was amplified by PCR from pEGFP-F1Lwt using the forward oligonucleotide F1LBamHI (5Ј-GGATCCATGTTGTCGATGTTTATG-3Ј) containing a BamHI restriction site and the reverse oligonucleotide F1LNotI (5Ј-AGCGGCAATAGATGCCA TATCATA-3Ј) to construct pGEX4T-3:F1L (1-120) (Amersham Biosciences) containing amino acids 1 to 120 of F1L appended to glutathione S-transferase (GST). PGEX4T-3:F1L (1-120) was transformed into BL31(DE3) cells, and protein expression was induced by the addition of 0.1 mM isopropyl-␤-D-thiogalactopyranoside (Rose Scientific Ltd.). GST-F1L (1-120) was purified using glutathione-Sepharose 4B according to the manufacturer's instructions (Amersham Biosciences). Rabbits were immunized by injection of 500 g of purified GST-F1L (1-120) in Freund's complete adjuvant. At biweekly intervals the animals were boosted with 500 g of GST-F1L (1-120) in Freund's incomplete adjuvant.
Generation of recombinant VV. The construction of pSC66-FLAG-F1Lwt, which was used to generate VV strain Western Reserve containing a FLAGtagged copy of F1L, has been described elsewhere (67) . VV strain Western Reserve was used to generate VV-WR-FLAG-F1Lwt as previously described (45) . Recombinant virus was selected on TK-H143 cells in the presence of 25 g of 5-bromodeoxyuridine and plaque purified three times using 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside to visualize recombinant viruses. The presence of FLAG-F1Lwt in VV-WR-Flag-F1L was confirmed by PCR and by anti-FLAG M2 antibody (Sigma Aldrich).
Plasmid construction. The F1Lwt ORF was amplified from virus DNA as described elsewhere (67) . Plasmids pEGFP-F1LHTR (1-218), pEGFP-F1LTR (1-206), pEGFP-F1Ltail(ϩ) (206-226), pEGFP-F1Ltail(Ϫ) (207-226), pEGFP-F1L-K219A, pEGFP-F1L-K222A, pEGFP-F1L-K219/222A, and pEGFP-F1LCyb5 were generated by PCR. The forward primer used for F1LHTR (1-218), F1LTR , and F1L-K219/222A was EcoRI-(GAATTCTCATGTTGTCGATGTT TATG). The forward primers used for FILtail(ϩ) (206-226) and FILtail(Ϫ) (207-226) were EcoRI-(GGATTCTCAAGATTATTGGCATCACA) and EcoRI-(GAATTCTCCTTATTGGCATCACAGCT), respectively. The reverse primers for F1LHTR (1-218) and F1LTR were BamHI-(GGATCCTTAATAT GTAGCAAACATGATAGC) and BamHI-(GGATCCTTACTTTAGATATTC ACGCGTGCT), respectively. The reverse primer for F1L-tail(ϩ) (206-226) and F1Ltail(Ϫ) (207-226) was BamHI-(GGATCCTTATCCTATCATGTATTTG AG). The forward primer used for F1L-K222A and F1L-K219A was XhoI-(CT CGAGATGTTTATG) and for F1L-K219/222A it was EcoRI-(GAATTCTCAT GTTGTCGATGTTTATG). Lysine-to-alanine mutations in F1L-K219A, F1L-K222A, and F1L-K219/222A were produced using the reverse primers BamHI-(GGATCCTTATCCTATCATGTATTTGAGAGTTGCATATGTAGCAAAC AT), BamHI-(GGATCCTTATCCTATCATGTATGCGAGAGTTTTATA), and BamHI-(GGATCCTTATCCTATCATGTATGCGAGAGTTGCATA TGTAGCAAACAT).
The pEGFP-F1LCyb5 chimera was generated using a combination of three PCRs. In the first PCR, the primers used in conjunction with pEGFP-F1Lwt template were EcoRI-(GAATTCTCATGTTGTCGATGTTTATG) and (CGA TTCAACGGTAGTGATCTTTAGATATTCACGCGT), resulting in a PCR product containing the first 206 amino acids of F1L with an overhang corresponding to amino acids 100 to 105 of cytochrome b 5 . The C-terminal domain of cytochrome b 5 was amplified by PCR from pSPUTK-Bcl2Cyb5 using (ATCAC TACCGTTGAATCGAAC) and BamHI-(GGATCCTTAATCTTCAGCCATG TCAG), resulting in a PCR product encoding amino acids 100 to 134 of cytochrome b 5 . The products from the first two PCRs were combined with primers XhoI-(CTCGAGATGTTTATG) and BamHI-(GGATCCTTAATCTTCAGCC ATGTACAG), resulting in a PCR product that contained the N-terminal portion of F1L (amino acids 1 to 206) and C-terminal tail of cytochrome b 5 (amino acids 100 to 134). All amplified F1L constructs were verified by DNA sequence analysis and subcloned into pEGFP-C3 (Clontech). pSPUTK-Bcl2Cyb5 and pSPUTK-Bcl2ActA were a generous gift from David Andrews, McMaster University, Hamilton, Ontario, Canada (70) .
For construction of pSPUTK-FLAG-F1Lwt, the F1L ORF was amplified using primers BamHI-(GGATCCATGGACTACAAAGACGATGACGACAAGTT GTCGATGTTTATGTGT), which contains an N-terminal FLAG epitope, and XhoI-(CTCGAGTTATCCTATCATGTATTT). The resulting amplified products were subcloned into pSPUTK (22) using the BamHI and SacI restriction sites. Construction of pSPUTK-F1LTR was performed by subcloning F1LTR into the BamHI and NcoI restriction sites of pSPUTK.
To determine the subcellular localization of the various enhanced green fluorescent protein (EGFP)-F1L constructs during virus infection, each EGFP-F1L construct was amplified using PWO-Taq DNA polymerase (Roche) and cloned into the Sal1 site of pSC65 to place each construct under the control of a synthetic poxvirus early/late promoter (Roche) (13) .
Confocal microscopy. To determine localization of F1L orthologs in ectromelia virus-, rabbitpox virus-, and cowpox virus-infected cells, HeLa cells were infected with a multiplicity of infection (MOI) of 5 for 8 to 24 h. Cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature and permeabilized using 0.02% NP-40 in PBS. For fixed-cell confocal microscopy, HeLa cells were transfected as described above. Cells were fixed using 4% paraformaldehyde in PBS for 10 min at room temperature and permeabilized using 0.02% NP-40 in PBS. For analysis of mitochondrial localization, cells were stained with 10 g of mouse anti-cytochrome c (clone 6H2.B4; Pharmingen)/ml followed by the addition of 10 g of Alexa Fluor 546 goat anti-mouse (Molecular Probes)/ml. For analysis of ER localization, cells were stained with rabbit anticalnexin (residues 575 to 593; Stressgen Biotehnologies) at a dilution of 1:400 followed by the addition of 10 g of Alexa Fluor 546 goat anti-rabbit (Molecular Probes)/ml. Coverslips were mounted using 50% PBS-50% glycerol containing 4 mg of n-propyl gallate (Sigma Aldrich)/ml. Fixed cells were examined using a LSM510 laser scanning confocal microscope at 543 nm to assess cytochrome c and calnexin staining. Staining intensities were profiled with the use of the Zeiss LSM 510 imaging software.
To determine the localization of EGFP-F1L constructs during virus infection, HeLa cells were infected with VV strain Copenhagen VV65 at an MOI of 3 and simultaneously transfected with 2 g of DNA as described above. Infectiontransfections went for 8 h, after which cells were fixed and stained with anticytochrome c or anticalnexin as described above.
Apoptotic killing assays. For apoptotic killing assays, HeLa cells were transfected as described above and induced to undergo apoptosis by the addition of 10 ng of tumor necrosis factor alpha (TNF-␣; Roche Diagnostics)/ml and 5 g of cycloheximide (ICN Biomedicals Inc.)/ml for 5 to 15 h depending on the experiment. Following treatment with TNF-␣, cells were stained with 0.2 M tetramethylrhodamine ethyl ester (TMRE; Molecular Probes), a dye that preferentially stains healthy respiring mitochondria (19, 23, 41) . Loss of mitochondrial membrane potential in EGFP-positive cells was measured as a decrease in TMRE fluorescence by two-color flow cytometry (FACScan; Becton Dickinson). The level of TMRE fluorescence was measured through the FL-2 channel equipped with a 585-nm filter (42-nm band pass). The level of EGFP fluorescence was measured through the FL-1 channel equipped with a 488-nm filter (42-nm band pass). Data were acquired on 10,000 EGFP-positive cells per sample with fluorescent signals at logarithmic gain. Data were analyzed with CellQuest software. Loss of the inner mitochondrial membrane potential in positively transfected cells was calculated using the following equation: (number of EGFP ϩ TMRE Ϫ cells/total number of EGFP ϩ cells) ϫ 100. Purification of mitochondria. Mitochondria used for membrane insertion assays were freshly purified from Jurkat cells as previously described (28, 66) . Briefly, 10 8 Jurkat cells were washed once with buffer A containing 20 mM morpholinepropanesulfonic acid (MOPS), pH 7.4, 100 mM sucrose, and 1.0 mM EGTA. The cells were centrifuged for 10 min at 2,000 ϫ g and resuspended in buffer B, containing 5% Percoll (Sigma Aldrich) and 191 g of digitonin (Sigma Aldrich)/ml in buffer A at a final concentration of 2 ϫ 10 7 cells/ml. The cells were incubated on ice for 15 min with occasional inversion. The nuclei were pelleted by centrifugation at 2,500 ϫ g for 10 min at 4°C. The supernatant was collected and further fractionated by centrifugation at 15,000 ϫ g for 15 min at 4°C. The remaining mitochondrial pellet was washed three times with buffer A and resuspended in buffer C, containing 20 mM MOPS, pH 7.4, 300 mM sucrose, and 1 mM EGTA. Protein concentration was determined using a bicinchoninic acid kit (Pierce Chemical Co.).
To determine the membrane orientation of mitochondrial-localized F1L during virus infection, Jurkat cells were infected with VVWR-FLAG-F1Lwt at an MOI of 5 PFU per cell. Five hours after infection mitochondria were purified as described previously (28, 66) . Protein concentration was determined using a bicinchoninic acid kit (Pierce Chemical Co.). To determine the membrane orientation of F1L, mitochondria derived from infected cells were treated with either enterokinase, proteinase K, or trypsin as described below.
In vitro transcription-translation. The TNT SP6-coupled reticulocyte lysate system (Promega Corp.) was used as described by the manufacturer. A 50-l reaction mixture contained 25 l of rabbit reticulocyte lysate, 20 M amino acid mixture (minus methionine), 2.5% TNT reaction buffer, 40 U of RNasin (Promega Corp.), 10 Ci of [
35 S]methionine (Perkin-Elmer Life Sciences), and 1 g of either pSPUTK, pSPUTK-FLAG-F1Lwt, pSPUTK-F1LTR (1-206), or pSPUTK-Bcl2ActA. Reaction mixtures were incubated at 30°C for 90 min, and translation was stopped by the addition of 2 g of cycloheximide (Sigma Aldrich)/ml.
For membrane-insertion assays, 10 g of purified mitochondria was added to 10 l of TNT-generated protein and incubated at 30°C for 30 to 60 min to allow for membrane association. The lysate-mitochondria mixture was centrifuged for 20 min at 20,000 ϫ g at 4°C. Supernatants were saved, and pellets were washed with PBS followed by centrifugation at 20,000 ϫ g for 20 min at 4°C. The resulting pellet was resuspended in 50 l of PBS. The supernatant and pellet samples were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and detection by autoradiography. To determine if TNT-generated proteins were integral membrane proteins, the mitochondrial pellet was washed with 200 l of 0.1 M Na 2 CO 3 (pH 11.5) to disrupt nonspecific binding to membranes (3, 24) . To determine protein orientation in mitochondrial membranes, samples were treated with either 2.5 g of trypsin (grade III; Sigma Aldrich)/ml or 2.5 g of proteinase K (Sigma Aldrich)/ml for 1 h at 30°C or 1 to 2 U of enterokinase (Novagen) for 2 h at room temperature.
Immunoblotting. Purified mitochondria were analyzed on SDS-polyacrylamide gels, and proteins were transferred to nitrocellulose membranes. FLAGF1Lwt was detected using rabbit anti-F1L (1:5,000) followed by goat anti-rabbit horseradish peroxidase-conjugated (Bio-Rad) antibody at 1:10,000 or anti-FLAG conjugated to horseradish peroxidase (clone M2) at 1:2,500 (Sigma Aldrich). Proteins were visualized with a chemiluminescence detection system according to the manufacturer's protocol (Amersham Biosciences).
Detection of protein expression levels for the various EGFP-F1L constructs was determined by transfecting HeLa cells. Cell lysates were analyzed on SDSpolyacrylamide gels, and proteins were transferred to nitrocellulose membranes. The EGFP-F1L constructs were detected using rabbit anti-EGFP (provided by L. Berthiaume, University of Alberta, Edmonton, Alberta, Canada) at 1:20,000 followed by goat anti-rabbit horseradish peroxidase-conjugated antibody at 1:10,000.
RESULTS

F1L orthologs localize to mitochondria.
Recently, we identified a VV-encoded protein, F1L, that localizes to mitochondria and inhibits apoptosis (67) . Sequence analysis of F1L failed to reveal any obvious similarity to cellular proteins, including members of the Bcl-2 family, which regulate apoptosis at the mitochondria. The poxvirus family, of which VV is the prototypical member, consists of a large family of viruses that infect both vertebrates and invertebrates (44) . VV-related F1L ORFs are only found in members of the Orthopoxvirus genus and are highly conserved, with greater than 95% sequence identity over the last 220 amino acids. The greatest sequence diversity among the various F1L orthologs is located within the N-terminal regions, with strains of variola virus, camelpox virus, and ectromelia virus displaying a series of unique repeats, the function of which is currently unknown. To determine if F1L orthologs in other members of the Orthopoxvirus genus also localize to mitochondria, we infected HeLa cells with either the deletion virus VV811, VV strain Copenhagen, a recombinant VV expressing a FLAG-tagged version of F1L (VVWR-FLAG-F1Lwt), ectromelia virus, rabbitpox virus, or cowpox virus. F1L was visualized by confocal microscopy using an anti-F1L antibody. When cells were infected with the deletion virus VV811, which is devoid of the F1L ORF, no F1L was detected within the cells (Fig. 1d to f) . Upon infection of cells with the F1L-containing VV65, F1L demonstrated a similar localization pattern to that of cytochrome c, indicating F1L localizes to mitochondria during virus infection ( Fig. 1g to i) . A similar pattern was detected for cells infected with the recombinant VV expressing a FLAG-tagged version of F1L (Fig. 1j  to l) . HeLa cells infected with either ectromelia virus (Fig. 1m to o), rabbitpox virus (Fig. 1p to r) , or cowpox virus (Fig. 1s to u) and stained with anti-F1L all showed a localization pattern that colocalized with cytochrome c, indicating that F1L orthologs in other Orthopoxvirus genus members also localize to mitochondria during infection.
The C-terminal tail of F1L is critical for mitochondria localization. Sequence analysis of all the F1L orthologs revealed the presence of a conserved C-terminal transmembrane domain flanked by positively charged amino acids and a short hydrophilic tail C-terminal to the transmembrane domain ( Fig.  2A, construct a) . TA proteins, including several members of the Bcl-2 family, localize to membranes through a C-terminal domain containing a transmembrane region (9, 10, 56) . In support of this, data from our previous publication showed the last 27 amino acids of F1L were necessary and sufficient for mitochondrial localization (67) . To further elucidate the minimal region within the last 27 amino acids that serves as a mitochondrial localization signal for F1L, four additional EGFP-F1L deletion constructs were created ( Fig. 2A) . When HeLa cells were transfected with either pEGFP-F1LTR (1-206), which no longer contains the C-terminal domain, or pEGFP-F1LHTR (1-218), which is missing the last eight amino acids, a diffuse signal was found throughout the cells which did not colocalize with Mitotracker, indicating that these amino acids were necessary for localization to mitochondria (Fig. 2B , panels a to f). To determine if the last 20 amino acids of F1L were sufficient for mitochondrial localization, we fused the last 20 amino acids of F1L to EGFP and visualized localization by confocal microscopy. Uncertain as to whether the positively charged lysine (206) upstream of the hydrophobic domain was important for localization, two F1L-tail constructs were created: F1L-tail(ϩ) (206-226), which contains lysine 206, and F1L-tail(-) (207-226), which is missing lysine 206. When HeLa cells were transfected with either pEGFP-F1Ltail(ϩ) (206-226) or pEGFP-F1Ltail(-) (207-226), both constructs showed a similar staining pattern to Mitotracker, and when the signals were superimposed a uniform yellow image was produced, indicating that the C-terminal tail of F1L is necessary and sufficient to target F1L to the mitochondria (Fig. 2B, panels g to l) .
To determine the localization of the various F1L constructs during the context of virus infection, each EGFP-F1L construct was subcloned into pSC65 and placed under the control of an early/late poxviral promoter. HeLa cells were infected with VV65 and transfected with pSC65-F1LTR (1-206), pSC65-F1LHTR (1-218), pSC65-F1Ltail(ϩ) (206-226), and pSC65-F1Ltail(-) (207-226), and localization was visualized by confocal microscopy. Similar to the transient transfection of HeLa cells, HeLa cells transfected and infected with VV65 demonstrated similar localization patterns (data not shown).
F1L inserts into mitochondria in vitro as a tail-anchored protein.
Since our evidence demonstrated that the C-terminal tail of F1L was necessary and sufficient for mitochondrial localization, this suggested that F1L might be a member of the TA family of proteins. Due to the presence of the targeting sequence at the C terminus, TA proteins are inserted posttranslationally into cellular membranes (9, 10) . To investigate whether F1L was a representative TA protein and therefore posttranslationally inserted into mitochondrial membranes, we utilized an in vitro transcription-translation (TNT) assay. FLAGtagged F1Lwt was cloned into the vector pSPUTK to allow for efficient transcription and translation of F1L in the presence of (Fig. 3A, compare lanes 1 to 3) . This observation suggested that F1L was capable of posttranslational insertion into mitochondria, similar to other members of the TA family (Fig. 3A, compare lanes 1 to 3) . We routinely found that after the addition of mitochondria approximately half of the FLAGF1Lwt protein remained in the supernatant (Fig. 3A, lane 2) ; however, the addition of increasing amounts of mitochondria supported an increased insertion into the mitochondrial pellet (data not shown). As a control, we used a TNT 35 S-labeled Bcl2ActA chimera containing the mitochondrial-targeting polypeptide from Listeria monocytogenes ActA protein, which has been shown to localize Bcl-2 exclusively to the mitochondria (52, 70) . Similar to FLAG-F1Lwt, Bcl-2ActA was also recovered in the mitochondrial pellet, with approximately half of the protein remaining in the supernatant (Fig. 3A, lanes 2 and 3) .
To determine if F1L was in fact inserted into the mitochondrial membrane and not just loosely associated with the mitochondria, mitochondria were washed with an alkaline solution of Na 2 CO 3 (pH 11.5) following posttranslational insertion of FLAG-F1Lwt. The addition of Na 2 CO3 (pH 11.5) removes loosely associated proteins but not integral membrane proteins (3, 24) . No reduction of FLAG-F1Lwt or Bcl-2ActA in mitochondria was seen between the untreated and treated mitochondrial pellet fractions following Na 2 CO 3 (pH 11.5) washing (Fig. 3A, compare lanes 3 and 5) , suggesting that like Bcl2ActA, F1L is anchored into mitochondrial membranes and is not just loosely associated.
Membrane orientation studies on TA proteins have revealed that they are anchored into the phospholipid bilayer by the C terminus, with the N terminus exposed to the cytosol (9, 10). To determine the orientation of F1L in mitochondria we utilized proteinase K, trypsin, and enterokinase, which will readily degrade exposed portions of F1L. Following the addition of proteases to the mitochondria, we found that the membraneassociated FLAG-F1Lwt was sensitive to both proteinase K and trypsin, as indicated by the complete loss of radiolabeled protein, suggesting that the majority of F1L was in fact oriented towards the cytoplasm (Fig. 3B, lanes 5 to 8) . Similarly, the previously characterized TA protein Bcl-2ActA was also sensitive to proteinase K and trypsin (32, 70) (Fig. 3B, lanes 5  to 8) . Unfortunately, we were unable to detect the presence of the protected C-terminal fragment of F1L in these assays. This may be due to the presence of only one methionine in the short C-terminal tail of F1L and the small size of the fragment (ϳ3 kDa). Therefore, to further confirm the membrane orientation of F1L we used enterokinase, which specifically recognizes and cleaves the N-terminal FLAG sequence (Asp-Asp-Asp-AspLys2) from F1L. Enterokinase was added to either the supernatant fraction containing soluble FLAG-F1Lwt (Fig. 3C, lane  6) or FLAG-F1Lwt associated with mitochondria (Fig. 3C, lane  7) followed by analysis by autoradiography. Using this approach, a noticeable shift in F1L mobility resulted due to the loss of the FLAG tag from the N terminus of F1L, indicating that FLAG-F1Lwt was inserted into the mitochondria with the N terminus exposed (Fig. 3C, lanes 6 and 7) . These cumulative data suggest that FLAG-F1Lwt displays a typical TA orientation, with the N terminus facing the cytoplasm.
Since our confocal results demonstrated that expression of EGFP-F1LTR (1-206), which was missing the last 20 amino acids, was unable to localize to the mitochondria (Fig. 2B) , we assessed the role of the F1L C terminus in membrane anchoring in the in vitro TNT assay. TNT reactions were performed using the DNA template pSPUTK-F1LTR (1-206), which transcribes and translates a truncated 35 S-labeled F1L missing the C-terminal transmembrane domain and the short hydrophilic tail (Fig. 2A) . Results showed only a minimal association of F1LTR (1-206) with mitochondria, while most of the protein was found in the supernatant (Fig. 3D, lanes 1 to 3) . To determine if the small amount of F1LTR found in the mitochondrial pellet was anchored into the membrane, the mitochondrial fraction was washed with Na 2 CO 3 (pH 11.5). Alkaline extraction resulted in a complete loss of radiolabeled FILTR , thereby confirming that the C-terminal domain of F1L was necessary for membrane insertion (Fig. 3D, lanes 4 and 5) .
F1L inserts into mitochondria during virus infection. To determine the membrane orientation of mitochondria-localized F1L during virus infection, we performed confocal microscopy utilizing selective permeabilization procedures and antibodies directed specifically to the N terminus of F1L. HeLa cells were infected with VVWR-FLAG-F1Lwt, and F1L localization was visualized using an anti-FLAG or anti-F1L antibody. When HeLa cells were treated with NP-40, which permeabilizes both the plasma membrane and mitochondrial membrane, anti-FLAG and anti-F1L antibodies demonstrated colocalization of F1L with cytochrome c (Fig. 4A , panels a to c, and B, panels a to c). In contrast, when HeLa cells were permeabilized with either digitionin or SLO, which selectively permeabilize the plasma membrane but not the mitochondrial membrane, anti-FLAG antibody and an anti-F1L antibody generated to the first 120 amino acids of F1L still gained access to F1L, indicating that the N terminus of F1L was facing the cytoplasm (Fig. 4A , panels d to i, and B, panels d to i) (18, 48) . Notably, however, anti-cytochocrome c was unable to gain access to the inner mitochondrial membrane space, indicating that the digitonin and SLO treatment selectively permeabilized the plasma membrane but not the mitochondrial membrane, as indicated by a loss of cytochrome c staining (Fig. 4A , panels d to i, and B, panels d to i).
To further confirm the membrane orientation of F1L during virus infection, Jurkat cells were infected with the recombinant virus VVWR-FLAG-F1Lwt, mitochondria were purified, and the presence of F1L in mitochondria was determined by immunoblotting using both anti-F1L and anti-FLAG antibodies. Mitochondria purified from mock-infected cells showed the absence of F1L in both the supernatant and pellet fractions as expected (Fig. 4C) . In contrast, Jurkat cells infected with VVWR-FLAG-F1Lwt revealed the presence of F1L only in
FIG. 3. F1L inserts into mitochondria in vitro and demonstrates classical tail-anchored orientation. (A) F1Lwt is anchored into mitochondrial membranes. TNT-generated
35 S-labeled FLAG-F1Lwt lysate (L) and Bcl-2ActA (L) were added to 10 g of purified mitochondria. Mitochondrial pellets (P) and supernatants (S) were separated by centrifugation. Mitochondrial pellet fractions were washed with either PBS or Na 2 CO 3 (pH 11.5). (B) F1Lwt demonstrates tail-anchored membrane orientation with the N terminus exposed to the cytoplasm. FLAG-F1Lwt samples were treated with proteinase K (ProK) or trypsin and incubated for 1 h at 30°C. (C) FLAG-F1Lwt is sensitive to enterokinase (EK). Following insertion into mitochondria, FLAG-F1Lwt samples were treated with EK for 2 h at room temperature. (D) The C-terminal tail of F1L is necessary for insertion into mitochondria. TNT-generated 35 S-labeled F1LTR (1-206) (L) was added to 10 g of purified mitochondria, and pellet (P) and supernatant (S) fractions were separated by centrifugation. Pellets were washed with either PBS or 0.1 M Na 2 CO 3 (pH 11.5).
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on October 23, 2017 by guest http://jvi.asm.org/ the mitochondrial pellet fraction, with undetectable levels in the supernatant (Fig. 4C, lanes 3 and 4) . To determine if F1L was an integral membrane protein, mitochondria were washed with Na 2 CO 3 (pH 11.5), and F1L was detected using an anti-FLAG antibody. Similar to our in vitro results, F1L was only detected in the mitochondrial pellet fraction and Na 2 CO 3 washing did not result in a reduction of F1L levels (Fig. 4D , compare lanes 4 and 6). The membrane orientation of F1Lwt during virus infection was determined by isolating mitochondria from virus-infected cells followed by treatment with proteinase K and trypsin. Under these conditions no F1L was detected using either anti-FLAG or anti-F1L, both of which are directed to the N-terminal portion of FLAG-F1L, suggesting that the N terminus of F1L was digested by the proteases (Fig. 4E, lanes 1 to 4) . When purified mitochondria were treated with enterokinase and blotted with anti-FLAG antibody, an overall reduction in F1L was observed, indicating that the majority of the FLAG epitope was no longer accessible to the antibody due to cleavage by enterokinase (Fig. 4E, lane 5 , and D, lane 6). When the same samples were blotted with the anti-F1L antibody which recognizes amino acids 1 to 120, a doublet was produced, confirming that FLAG-F1L was cleaved by entero-
FIG. 4. F1L displays classical tail-anchored orientation in infected cells. (A and B)
F1L membrane orientation determined by confocal microscopy. HeLa cells were infected with VVWR-FLAG-F1Lwt and permeabilized with either NP-40, digitonin, or SLO. F1L was detected using anti-F1L (A) or anti-FLAG (B) antibodies, and mitochondria were detected using anti-cytochrome c antibody. (C) F1L inserts into mitochondria during virus infection. Jurkat cells were infected with the recombinant VV VVWR-FLAG-F1Lwt for 6 h at an MOI of 5. Mitochondrial pellet fractions (P) were purified from supernatants (S) by centrifugation. The presence of F1L in mitochondria was detected using either anti-F1L or anti-Flag antibody. (D) F1L is an integral membrane protein. Mitochondria pellet fractions (P) were purified and separated from supernatants (S) by centrifugation. Pellet fractions were washed with either PBS or 0.1 M Na 2 CO 3 (pH 11.5). (E) F1L displays tail-anchored orientation in infected cells. Following purification of mitochondria from virally infected cells, mitochondria were treated with either proteinase K (ProK), trypsin, or enterokinase (EK). Supernatants (S) and mitochondrial pellet (P) fractions were separated by centrifugation and washed with Na 2 CO 3 (pH 11.5), and F1L was detected by immunoblotting using anti-FLAG or anti-F1L antibody.
kinase and further demonstrating that the N terminus of F1L is facing the cytoplasm (Fig. 3E, lane 5) . Together these data indicate that F1L is inserted into mitochondria during virus infection, with the N terminus of the protein in the cytoplasm.
Basic amino acids in the C-terminal tail of F1L are critical for mitochondria targeting. F1L shares characteristics with other TA proteins, including a transmembrane domain flanked by positively charged lysines ( Fig. 2A) (30, 34) . Mutagenesis of the positively charged amino acids surrounding the transmembrane domain in other TA proteins has revealed a significant role for these amino acids in directing TA proteins to the mitochondria (30, 34) . We found that deletion of the last eight amino acids, including lysines 219 and 222, resulted in the inability of F1L to localize to the mitochondria, suggesting that these eight residues are critical for mitochondrial localization (Fig. 2B, panels d and e) . Therefore, to investigate if the positively charged amino acids in the C-terminal tail of F1L play a role in localization of F1L to the mitochondria, we generated three F1L mutants by PCR-directed mutagenesis. EGFP-F1L-K219A, EGFP-F1L-K222A, and EGFP-F1L-K219/222A were created by mutating either lysine 219, lysine 222, or both lysines 219 and 222 to neutral alanine residues (Fig. 5A) . The localization of the three mutant constructs was determined by transfecting HeLa cells and visualizing protein localization by confocal microscopy. Expression of EGFP-F1L-K222A demonstrated a characteristic mitochondrial staining pattern that colocalized with Mitotracker, indicating that mutagenesis of lysine 222 did not overtly influence mitochondrial localization (Fig. 5B, panel d) . When HeLa cells were transfected with pEGFP-F1L-K219A, we routinely observed only partial localization with Mitotracker (Fig. 5B , panels e to g). The remainder of EGFP-F1L-K219A localized to an unidentified membrane-like structure throughout the cytoplasm. The merge intensity profile of EGFP-F1L-K219A demonstrated some regions of colocalization with Mitotracker and other regions where colocalization was not evident (Fig.  5B, panel h) . When HeLa cells were transfected with the double lysine-to-alanine mutant, pEGFP-F1L-K219/222A, the mitochondrial targeting of F1L was reduced and the F1L signal was found localized to a membrane-like structure throughout the cytoplasm (Fig. 5B , panels i to k). This observation was supported by a decrease in colocalization when the merge intensities for EGFP-F1L-K219/222A and Mitotracker were plotted (Fig. 5B, panel l) . These data clearly indicated that mutation of the positively charged lysines in the tail of F1L affected localization. Similar localization patterns for EGFP-F1L-K219A, EGFP-F1L-K222A, and EGFP-F1L-K219/222A were also observed during virus infection of HeLa cells (data not shown).
To determine if EGFP-F1L-K219A and EGFP-F1L-K219/ 222A were rerouted to the ER, a common default membrane when positive charges are eliminated from mitochondria-localized TA proteins, HeLa cells were transfected with the various F1L mutant constructs and stained with ER-Tracker (9, 10, 30, 34) . Cells transfected with either pEGFP, pEGFP-F1Lwt, or pEGFP-F1L-K222A showed minimal colocalization with ERTracker, and this observation was supported by plotting the merge intensities of EGFP and ER-Tracker (Fig. 6a to l) . In contrast, cells transfected with pEGFP-F1L-K219A again showed both a mitochondrial and membrane-like staining pattern throughout the cell (Fig. 6m to p) . When the fluorescent signals of pEGFP-F1L-K219A and ER-Tracker were superimposed colocalization was evident, demonstrating that in addition to localizing to the mitochondria F1L-K219A was also localized to the ER (Fig. 6m to o) . The merge intensity profile demonstrated some regions of colocalization as well as regions where the merge intensities were very different (Fig. 6p) . When cells were transfected with pEGFP-F1L-K219/222A, obvious ER localization was detected, demonstrating that mutating lysines 219 and 222 shifted the localization of F1L from the mitochondria to the ER, and the merge intensity profile supported this observation (Fig. 6q to t) . The ER localization of EGFP-F1L-K219A and EGFP-F1L-K219/222A was also confirmed by staining cells with an antibody that recognizes calnexin, an ER-localized protein (Fig. 7) , and similar localization patterns were detected during virus infection (data not shown). These observations demonstrated that lysines 219 and 222 played a critical role in localization of F1L to the mitochondria.
Mitochondrial localization of F1L is required for apoptosis inhibition. Originally we found that VV strain Copenhagen, which is naturally devoid of the caspase 8 inhibitor CrmA/Spi2, inhibits apoptosis by maintaining mitochondrial integrity (66) . Our recent findings show that this inhibition is due to expression of F1L, which localizes to the mitochondria and prevents the release of cytochrome c and loss of the inner mitochondrial membrane potential (67) . Data from our previous paper showed that F1L was able to inhibit staurosporine-induced apoptosis, similar to the antiapoptotic protein Bcl-2 (67). To determine whether F1L could inhibit an alternative apoptotic stimulus, HeLa cells were transfected with pEGFP or pEGFPF1Lwt and treated with TNF-␣ for 5, 8, 10, or 15 h, and cell death was determined by loss of the inner mitochondrial membrane potential, a hallmark feature of apoptosis, in the EGFPpositive population (40) . Loss of the inner mitochondrial membrane potential was monitored by staining mitochondria with TMRE, a mitochondria-specific fluorescent dye which is incorporated into healthy respiring mitochondria, and apoptosis was analyzed by two-color flow cytometry (19, 23, 41) . HeLa cells transfected with pEGFP and pEGFP-F1Lwt and stained with TMRE showed a population of cells that were both positive for EGFP and TMRE, representing cells that were transfected and containing nonapoptotic mitochondria that retained their inner mitochondrial membrane potential (data not shown). After treatment with TNF-␣ for 5, 8, 10, and 15 h, 21, 36, 56, and 59% of the cells transfected with pEGFP showed a loss of TMRE fluorescence, indicating that the expression of EGFP alone was not sufficient to inhibit apoptosis (Fig. 8A ). In contrast, HeLa cells transfected with pEGFP-F1Lwt and treated with TNF-␣ exhibited only a 3 to 10% reduction in TMRE fluorescence over the various time points, indicating that expression of F1L protected cells from loss of the inner mitochondrial membrane potential following an apoptotic trigger (Fig. 8A) .
Our studies indicate that F1L localizes predominantly to the mitochondria, suggesting that localization to the mitochondria during virus infection might be critical for apoptosis inhibition (67) . To determine if mitochondrial localization of F1L is essential for the antiapoptotic function of F1L, we used the panel of EGFP-F1L deletion constructs shown in Fig. 2 . HeLa cells transfected with either pEGFP, pEGFP-F1Lwt, pEGFP-F1LHTR (1-218), pEGFP-F1LTR (1-206), pEGFPF1Ltail(ϩ) (206-226), or pEGFP-F1Ltail(-) (207-226) were treated with TNF-␣ for 8 h, a time point at which efficient TMRE loss was detected, and cell death was determined by loss of the inner mitochondrial membrane potential (40) . After treatment with TNF-␣, 36% of the cells transfected with pEGFP showed a loss of TMRE fluorescence, indicating that expression of EGFP alone was not sufficient to inhibit apoptosis (Fig. 8B) . In contrast, HeLa cells transfected with pEGFPF1Lwt or with the antiapoptotic protein pEGFP-Bcl-2 and treated with TNF-␣ exhibited only a 3 or 1% reduction in TMRE fluorescence, respectively, indicating that expression of F1L, similar to Bcl-2, protected cells from loss of the inner mitochondrial membrane potential (Fig. 8B) . HeLa cells transfected with either pEGFP-F1LHTR (1-218) or pEGFP-F1LTR showed no protection from apoptosis following treatment with TNF-␣, as demonstrated by losses of TMRE fluorescence of 29 and 32%, respectively (Fig. 8B) . This result suggested that expression of the N-terminal region of F1L, which is no longer capable of localizing to mitochon-dria, is unable to inhibit apoptosis. Similar results were found upon expression of a cytoplasmic form of Bcl-2 and M11L (20, 21, 46) . Additionally, we found that expression of the two C-terminal tail constructs EGFP-F1Ltail(ϩ) (206-226) and EGFP-F1Ltail(-) (207-226), both of which localize to the mitochondria, were also unable to provide protection from TNF-␣-induced apoptosis (Fig. 8B ). These observations indicated that expression of the F1L tail alone was not sufficient to inhibit apoptosis. The results indicate that expression of either the N terminus alone or the mitochondria-localized tail of F1L is not sufficient to inhibit apoptosis.
To determine if localization of F1L to another cellular membrane resulted in apoptosis inhibition, we generated an F1L chimera that would exclusively target F1L to the ER, a location at which Bcl-2 has been reported to function (4, 8, 51, 60, 61, 70) . To create this chimera, we swapped the C-terminal tail of F1L (amino acids 207 to 226) with the C-terminal tail of the ER isoform of cytochrome b 5 , a TA protein that has been shown to localize exclusively to the ER (37, 42, 48, 70) . To confirm the localization of F1LCyb5, we transfected HeLa cells with pEGFP-F1LCyb5, stained the cells with Mitotracker and ER-Tracker, and visualized localization by confocal microscopy. The fluorescent signal of EGFP-F1LCyb5 demonstrated an ER-like staining pattern throughout the cell that colocalized with ER-Tracker, indicating that EGPF-F1LCyb5 localized to the ER (Fig. 8C) . To determine if EGFP-F1LCyb5 expression could inhibit apoptosis, HeLa cells were transfected with pEGFP-F1LCyb5 and treated with TNF-␣. Our data demonstrated that 36% of cells underwent apoptosis, which was comparable to cells expressing EGFP, indicating that EGFPF1LCyb5 was unable to inhibit apoptosis when targeted to the ER (Fig. 8B) . 
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To ensure that differences in protein expression levels were not influencing the level of inhibition, the expression levels of the various EGFP-F1L constructs were analyzed via Western blotting. HeLa cells transfected with EGFP-F1Ltail(ϩ) (206-226) and EGFP-F1Ltail(-) (207-226) showed higher expression levels compared to wild-type F1L (Fig. 8D ). Even at higher expression levels, both of these constructs were clearly unable to inhibit apoptosis. The expression levels of EGFPF1Lwt and EGFP-F1LCyb5 were virtually equivalent, indicating that expression of EGFP-F1LCyb5, which localizes F1L to the ER, is unable to inhibit apoptosis. Western blot analysis demonstrated that transfection of EGFP-F1LHTR (1-218) had a slightly lower expression level than EGFP-F1Lwt and, unfortunately, the expression level of EGFP-F1LTR was significantly lower than that of EGFP-F1Lwt (Fig. 8D) . All of our attempts to increase the expression level of this truncated version of F1L were unsuccessful (data not shown). In addition, the transfection efficiencies as measured by EGFP fluorescence were 66, 45, 26, 23, 63, 49 , and 50% for EGFP, EGFP-F1Lwt, EGFP-F1LHTR (1-218), EGFP-F1LTR (1-206), EGFP-F1Ltail(ϩ), EGFP-F1Ltail(-) (207-226), and EGFPF1LCyb5, respectively, which mirrored expression levels determined by Western blotting. Concerned that a lack of inhibition by F1LTR (1-206) was due to lower levels of protein following transfection, we reanalyzed our flow cytometry data for all of the transfected constructs by specifically gating on the population of lower EGFP-expressing cells at 10 2 and determined the percentage of TMRE loss following the addition of TNF-␣. Using this approach to reanalyze only the lower EGFP-positive population, the data again showed the same trend in that expression of the truncated and tail-only versions of F1L were unable to inhibit apoptosis (data not shown). These results indicated that truncated F1L found in the cytoplasm is unable to inhibit apoptosis, while the C-terminal tail of F1L is sufficient to localize F1L to the mitochondria but on its own is not sufficient to inhibit apoptosis.
DISCUSSION
Viruses are under constant pressure from the host immune system. To avoid detection and elimination, many viruses adopt strategies to counteract various facets of the immune response, including strategies that interfere with apoptosis (15, 27, 54) . Poxviruses, of which vaccinia virus is a member, express numerous proteins which mediate immune evasion, including proteins aimed at interference with apoptosis (7, 33, 58) . Historically, the best-characterized apoptosis modulator encoded by members of the poxvirus family is CrmA/Spi-2, which inhibits apoptosis by preventing the activity of caspase 8 (59, 69) . Until recently, it was assumed that CrmA/Spi-2 was the major intracellular antiapoptotic protein encoded by VV. We have recently demonstrated, however, that VV encodes an additional antiapoptotic protein, F1L. F1L localizes to mitochondria and inhibits both the loss of the inner mitochondrial membrane potential, a hallmark feature of apoptotic cells, and prevents the release of cytochrome c, the pivotal commitment step (67) .
Currently, within the poxvirus family only members of the Orthopoxvirus genus, which includes VV, variola virus, cowpox virus, monkeypox virus, and ectromelia virus, encode F1L orthologs, suggesting an important role for F1L during Orthopoxvirus infection. All known orthologs share Ͼ95% sequence identify over the last 220 amino acids. The greatest sequence diversity among the various F1L orthologs is located within the N-terminal regions, with strains of variola virus, camelpox virus, and ectromelia virus displaying a series of unique repeats, the function of which is currently unknown. Although it is currently unknown if all F1L orthologs are functional, we have shown in this study that F1L orthologs present in ectromelia, rabbitpox, and cowpox viruses localized to mitochondria (Fig. 1) .
One obvious feature of F1L is a C-terminal transmembrane domain flanked by positively charged lysine residues followed by a short eight-amino-acid hydrophilic tail ( Fig. 2A) . Similar domains are important for membrane localization, with both the length of the hydrophobic domain and the presence of (9, 10, 68) . Therefore, to investigate the sequence requirements necessary for F1L mitochondrial localization, we generated two C-terminal tail F1L constructs: F1Ltail(ϩ) (206-226), which includes amino acids 206 to 226, and F1Ltail(-) (207-226), which includes amino acids 207 to 226 minus lysine 206 ( Fig. 2A) . Although we were unsure of the role of lysine 206 in mitochondrial localization, both EGFP-F1L tail constructs localized to the mitochondria, indicating that amino acids 207 to 226 were sufficient for mitochondrial localization and that the presence of lysine 206 was not required. Data from our previous publication revealed that the last 27 amino acids of F1L (F1L 199-226) were necessary and sufficient for localization to the mitochondria (67) . This construct contained seven additional amino acids upstream of the transmembrane domain, and our present data reveal that these upstream amino acids are dispensable for mitochondrial localization. Additional analysis further revealed that transfection of pEGFP-F1LHTR (1-218), which contains the hydrophobic transmembrane domain but is missing the last eight amino acids of the hydrophilic tail, no longer localized to the mitochondria and was in fact cytosolic, suggesting that the short hydrophilic tail of F1L was playing a role in mitochondrial localization (Fig. 2B ). Initially we predicted that F1LHTR (1-218) would be rerouted to the ER, which is a common default membrane for TA proteins (10, 31, 34, 37) . However, due to the presence of a short 12-amino-acid hydrophobic transmembrane domain in F1L, it is unlikely that this domain would be of sufficient length to span the ER membrane, thereby resulting in cytoplasmic distribution (9, 49) . The tail-anchored proteins Tom5 and outer mitochondrial membrane isoform of cytochrome b 5 (OMb) both normally localize to the mitochondria but also demonstrate cytoplasmic staining when the C-terminal hydrophilic tail is deleted (30, 37) . These observations indicate that the membrane-targeting signal in F1L is not solely dependent upon the presence and length of a transmembrane domain but, rather, additional amino acids downstream of the transmembrane domain are also required. The presence of a C-terminal mitochondria-targeting motif in F1L suggests that F1L is a member of a growing group of proteins referred to as TA proteins. This family of proteins has received considerable attention due to their unique, but stillpoorly understood, membrane-targeting mechanisms (9, 10, 68) . TA proteins constitute a family of proteins that lack Nterminal signal sequences and insert into membranes using a C-terminal transmembrane domain. TA proteins have been discovered in a vast array of organisms, performing a diverse array of functions, and are therefore found in numerous membranes, including the ER, Golgi apparatus, and mitochondria (9, 10, 68) . Due to the ordered steps involved in the secretory pathway leading from the ER to Golgi to plasma membrane, TA proteins need only discriminate between the ER and mitochondria (9, 38) . The mitochondrial outer membrane contains numerous TA proteins, including Tom proteins involved in protein translocation and members of the Bcl-2 family such as Bcl-2, Bcl-xL, and Bak, which function to regulate the release of mitochondrial proapoptotic proteins (9, 10, 68) . TA proteins have also been identified in viruses, such as the VV H3L protein, herpes simplex type II protein UL34, adenovirus E3-6.7K protein, and myxoma virus-encoded antiapoptotic protein M11L (16, 20, 43, 57) . Although M11L and F1L display no sequence similarity, they share similar functional features, including localization to mitochondria and the ability to inhibit the loss of the inner mitochondrial membrane potential and release of cytochrome c (20, 21, 65) .
TA proteins demonstrate a specific membrane orientation with the C terminus, spanning and anchoring the protein into the membrane with the N terminus facing the cytoplasm (38) . To determine the membrane orientation of F1L, we performed in vitro TNT assays. Using this in vitro assay we confirmed that the last 20 amino acids of F1L were necessary for insertion of F1L into mitochondria. We also demonstrated using proteinase digestion that the N terminus of F1L was facing the cytoplasm (Fig. 3) . This membrane orientation for F1L was also present during virus infection, as determined with purified mitochondria from VVWR-FLAG-F1Lwt-infected Jurkat cells and by confocal microscopy coupled with selective permeabilization procedures (Fig. 4) . This specific membrane orientation for TA proteins has led to a common theme where the C-terminal transmembrane domain serves as a membrane anchor while the cytosol-facing N terminus carries out specific functions (9, 10) . At present the precise antiapoptotic mechanism of action of F1L is undefined, but the specific membrane orientation of F1L suggests that the N-terminal cytosolic domain may be interacting with cellular proteins to inhibit apoptosis. We are currently pursuing experiments to identify potential F1L-interacting proteins that may elucidate the mechanism of action of this newly identified antiapoptotic protein.
A common trend seen among mitochondrial TA proteins is that, in addition to the transmembrane domain, flanking positively charged amino acids also play a role in localization (30, 31, 34, 37) . F1L contains two positively charged lysines downstream of the transmembrane domain: lysines 219 and 222 ( Fig. 2A) . Mutation of lysine 222 to generate F1L-K222A did not overtly affect the localization of F1L. In contrast, when lysine 219 was mutated to alanine to generate F1L-K219A F1L localized to both the mitochondria and ER, and when both lysines were mutated to generate the construct F1L-K219/ 222A the majority of the protein localized to the ER. These data clearly indicate a role of lysines 219 and 222 in mitochondrial localization of F1L. Mutation of lysines 219 and 222 to alanine in F1L essentially extended the length of the hydrophobic domain from 12 to 20 amino acids, resulting in a transmembrane domain predicted to be sufficient for ER localization (10, 49) . In a similar fashion, mutation of lysine residues downstream of the hydrophobic domain of Tom5 also results in altered localization to the ER (30) . In contrast, a single mutation of lysine 219 in F1L to generate F1L-K219A lengthened the hydrophobic domain to 15 amino acids, resulting in obvious localization of F1L to both the mitochondria and ER.
Our data demonstrate that F1L localizes predominantly to the mitochondria, suggesting that the presence of F1L at the mitochondria is important during VV infection (67) . HeLa cells transfected with the two F1L truncated constructs, F1LHTR (1-218) and F1LTR , both of which demonstrate cytoplasmic distribution, were unable to inhibit apoptosis. Similar observations were made with truncated versions of Bcl-2 and M11L, which no longer localized to the mitochondria and were also unable to inhibit apoptosis (20, 46) . Although the local-ization of Bcl-2 at the ER has been associated with inhibition of apoptosis, the altered localization of F1L to the ER by swapping the C-terminal mitochondrial localization domain of F1L with the ER localization domain of cytochrome b 5 was unable to inhibit apoptosis (4, 60, 61, 70) . Additionally, expression of F1Ltail(ϩ) (206-226) and F1Ltail(-) (207-226) was unable to inhibit apoptosis induced by TNF-␣. Collectively, our data indicate that the localization of F1L to the mitochondria is necessary for apoptosis inhibition.
Our studies have now shown that the newly identified antiapoptotic protein F1L is a member of the TA family of proteins that localizes to the mitochondria, where it functions to inhibit apoptosis. Our data support the idea that F1L localization at the mitochondria is important during VV infection, since truncated and chimeric versions of F1L are no longer able to effectively inhibit apoptosis. A VV Copenhagen deletion virus, VV811, missing F1L in addition to other ORFs, is no longer able to inhibit apoptosis, and the addition of F1L restores apoptosis inhibition (67) . Although F1L-related ORFs are currently only present in members of the Orthopoxvirus genus, various members of the Leporipoxvirus, Capripoxvirus, Yatapoxvirus, and Suipoxvirus genera encode M11L-like proteins (2, 11, 12, 39, 64) . Strikingly, members of the Avipoxvirus genus are the only poxviruses to encode obvious Bcl-2 homologs (1, 63) . Recent evidence demonstrates that the M11L protein from myxoma virus functions to inhibit apoptosis by interacting with the peripheral benzodiazepine receptor, a component of the mitochondrial permeability transition pore that has been linked to apoptosis (21) . In addition, M11L interacts with Bak, and under some conditions Bax, both of which are proapoptotic members of the Bcl-2 family (65). It is currently unknown if the Avipoxvirus-encoded Bcl-2 proteins or the Orthopoxvirus-encoded F1L proteins function through similar interactions, but the presence of the various poxvirusencoded antiapoptotic proteins that function to inhibit the mitochondrial apoptotic pathway clearly indicates the importance of interfering with this pathway for members of the poxvirus family.
